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ABSTRACT 

In the internal shock scenario, we argue that electrons in most kpc (or even larger) scale jets can be 
accelerated to energies high enough to emit synchrotron X-rays, if shocks exist on these scales. These high 
energy electrons emit synchrotron radiation at high frequencies and cool as they propagate downstream 
along the jet, emitting at progressively lower frequencies and resulting in time lags and hence radio/X- 
ray (and optical/X-ray if the optical knot is detectable) offsets at bright knots, with the centroids of 
X-ray knots being closer to the core. Taking into account strong effects of jet expansion, the behaviour 
of radio/X-ray and optical/X-ray offsets at bright knots in M87, Gen A, 3C 66B, 3C 31, 3C 273, and 
PKS 1127 — 145 is consistent with that of synchrotron time lags due to radiative losses. This suggests 
that the large scale X-ray and optical jets in these sources are due to synchrotron emission. 

Subject headings: galaxies: active — galaxies: jets — radiation mechanism: nonthermal — X-rays: 
galaxies 



1. INTRODUCTION 

Since 1999, the ChandraX-ra,y Observatory has detected 
tens of X-ray jets in radio-loud AGNs. While the ra- 
dio (and probably the optical) emission of the jets is cer- 
tain to be synchrotron, the radiation mechanisms respon- 
sible for large scale X-ray jets have not been well under- 
stood yet (for a recent review, see Harris &: Krawczynski 
2002). Although it seems clear that thermal models can 
be ruled out, both synchrotron and inverse-Compton emis- 
sion models are possible. For some sources, different mod- 
els have been proposed by different research groups. For 
example, the X-ray jet in 3G 273 can be interpreted as syn- 
chrotron emission, or synchrotron self-Gompton emission 
or inverse-Compton scattering of the cosmic microwave 
background (GMB, Marshall et al. 2001; Sambruna et 
al. 2001; Roser et al. 2000). 

Up to now, six large scale jets have been observed to 
have obvious offsets between X-ray knots and the corre- 
sponding radio/optical knots, with the centroids of X-ray 
knots being closer to the core. They are M87 (Marshall 
et al. 2002; Wilson & Young 2002), Gen A (Kraft et al. 
2002), 3G 273 (Marshall et al. 2001), PKS 1127- 145 
(Siemiginowska et al. 2002), 3G 66B (Hardcastle et al. 
2001), and 3C 31 (Hardcastle et al. 2002). In M87 (Sparks 
et al. 1996) and 3C 273 (Thomson et al. 1993), the cen- 
troids of optical knots are also closer to the core than their 
radio counterparts. The X-ray jets in M87, Gen A, 3G 
31, and 3C 66B are interpreted as synchrotron emission 
of extremely high energy relativistic electrons, while the 
X-ray jet in PKS 1127 — 145 is interpreted as inverse- 
Compton scattering of extremely low energy relativistic 
electrons with the GMB. But why in all these sources are 
knots at higher frequencies closer to the core than their 
counterparts at lower frequencies? Gould offsets between 
X-ray knots and radio/optical knots constrain the emission 
mechanisms of X-ray jets? 
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In blazars, similar phenomena have been observed 
among flares which are generally believed to originate from 
the inner jets (pc and subpc scales, see e.g., Blandford 
& Konigl 1979). Multiwavelength monitoring of blazars 
shows that flares usually begin at high frequencies, then 
propagate to lower frequencies, implying that high fre- 
quency synchrotron emission arises closer to the core than 
low frequency emission does (see e.g., Ulrich, Maraschi, 
& Urry 1997; Marscher 1993, 2000). For example, light 
curves of PKS 2155 - 304 obtained in 1994 show that 
an X-ray flare led a broader, lower amplitude extreme- 
ultraviolet flare by ~ 1 day, and a broad, low-amplitude 
UV flare by ~ 2 days (Urry et al. 1997). Correlation 
analysis shows that a strong correlation appears between 
optical and radio (37 GHz) light curves, with leading time 
of months or less (Tornikoski et al. 1994). These leading 
flares are all due to synchrotron emission. The similar- 
ity of offsets of knots on large scales to the time lags of 
flares on small scales thus may imply that the large scale 
X-ray jets in the above six sources are due to synchrotron 
emission. 

In an earlier paper (Bai & Lee 2001), based on the 
knowledge of emission from the inner jets of blazars, 
we predicted detectable synchrotron X-ray emission from 
most radio jets on kpc and a few 10 kpc scales (de- 
projected distance from the core). In this Letter, we ar- 
gue that the radio/X-ray and optical/X-ray offsets of the 
above six jets are caused by synchrotron time lags, and 
that X-ray emission in these large scale jets is synchrotron 
emission. We adopt Hq = 50kms~^Mpc~^, and qo = 
throughout this study. 

2. HIGH ENERGY ELECTRONS IN INNER JETS AND 
LARGE SCALE JETS 

In radio lobes, the energies of radio-emitting electrons 
are 7 ^ 10'^ to ~ 10'*. In inner jets, electrons of these en- 
ergies should emit at optical/UV frequencies and cannot 
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travel to lobes during their radiative cooling time. Tlicy 
must be re-accelerated after leaving the inner jet. 

It is widely accepted that electrons are accelerated by 
internal shocks in the jet. In the frame work of diffusive 
shock acceleration (e.g., Drury 1983; Blandford & Eichler 
1987), the time needed to accelerate electrons to energy 
7 in the jet comoving frame is (Inoue & Takahara 1996; 
Kusunose et al. 2000) 
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where « c is the shock speed, B is the magnetic field 
strength, and A(7) = £,'-fmec'^/{eB) is the mean free path 
of electrons assumed to be proportional to the electron 
Larmor radius, with ^ being a parameter > 1, ^ = 1 
corresponds to the Bohm limit), me the electron mass, and 
e the electron charge. The radiative cooling time tcooiil) 
of relativistic electrons through synchrotron and inverse- 
Compton emission is 
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where aT is the Thomson cross-section, and Ub = B'^/{8tt) 
and Ur arc the energy densities of magnetic field and radi- 
ation (produced in or outside the jet), respectively. Since 
taccil) is proportional to 7 while tcooii'j) is inversely pro- 
portional to 7, at taccil) = tcooiil), electrons are accel- 
erated to the maximum energy, 77710a; (Kirk et al. 1998; 
Kusunose et al. 2000). 

Combining equations (1) and (2) yields 
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where D = Ur/Us is the "Compton dominance" (e.g., 
Ghisellini et al. 1998). In the jet comoving frame, the 
typical synchrotron emission frequency of relativistic elec- 
trons of 7, averaged over pitch angles, is 
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where = eS/(27rmec) is Larmor frequency. In terms of 
Us, equation (3) can be expressed as 
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Setting tacc{'~l)/tcooi{l) = 1 in equation (5), the maxi- 
mum synchrotron frequency Vmax of 777103; in the observer's 
frame is 



3e2(l + D)-i , 5 



l + z 
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where z is the redshift of the source, S is the Doppler fac- 
tor 5 = [r(l — /3 cos 0)] ~^ , r is the bulk Lorentz factor, and 
9 is the viewing angle of the jet. 

The kpc scale jet is an extension of the inner jet, 
and is still relativistic, as indicated by the observed 
jet— counter jet intensity asymmetry. Therefore, ^ and 6 
do not change much along the jet from small scales to kpc 



scales, \mlike B which decreases quickly along the jet. On 
large scales, from subkpc to tens of kpc, the dominant 
cooling process in the jets is synchrotron emission (Celotti 
et al. 2001), i.e., 1 -|- Dkpc ^ 1- Thus, according to equa- 
tion (6), Umaxi^pc) (1 + Dpc)iyrnax{pc)- In thc inner 
jets of some sources, such as Mrk 501, X-rays are due to 
synchrotron emission, and the dominant cooling process is 
synchrotron cooling, i.e., 1 -|- Dpc ~ 1, so Vmax is roughly 
constant along the jet (though 777,ax is much higher on kpc 
scales), and electrons can be re- accelerated to energies high 
enough to emit synchrotron X-rays on kpc or even larger 
scales if shocks exist on these scales. 

In the inner jets of OVV quasars and probably FR II 
radio galaxies, the synchrotron peak frequencies are in 
the IR/optical bands, and the dominant cooling process 
is inverse- Compton emission. In these sources, Dpc is typ- 
ically in the range of 10 - 100, and as much as 1000 in 
some luminous quasars (Urry 1999). It is obvious that in 
some sources, the maximum synchrotron frequencies and 
hence the peak frequencies in the kpc; sc;alc jets arc more 
than 100 times larger than those in the inner jets, and that 
X-rays are dominated by synchrotron emission. That is to 
say, electrons in kpc scale jets of these sources can be ac- 
celerated to energies high enough to produce synchrotron 
X-ray jets if shocks exist on these scales. 

Therefore, shocks in most large scale jets can re- 
accelerate electrons to energies high enough to emit syn- 
chrotron X-rays. It is not strange that electrons in large 
scale jets can be accelerated to energies higher than the 
maximum energy in inner jets. Even the optical-emitting 
electrons in some large scale optical knots have higher en- 
ergies than the maximum energy in the inner jets. For 
example, in 3C 273, the energies of optical electrons in 
knot D and H are 7 > 10^ (Roser & Meisenheimer 1991), 
much larger than the max;imum energy of 7 ^ 10* in the 
inner jet (Ghisellini et al. 1998). 

3. OFFSETS OF KNOTS IN LARGE SCALE JETS 

It can be seen in equation (4) that high energy electrons 
emit synchrotron radiation at high frequencies and cool, 
emitting at progressively lower frequencies and resulting 
in time lags between high (i>i) and low (1^2) frequencies. 
The time lag of emission at ^2 (72) to emission at ui (71) 
is the time for electrons to lose energy A7 = 71 — 72, i-e., 
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where 7 = —4,(Jt{Ub + t/r)7^/ (Smgc) is the cooling rate at 
7, and tlag is in the jet comoving frame. Integration yields 

3mec(7;^^ — 7f ^) 

That is to say, the time lag of synchrotron emission at V2 
to that at v\ is equal to the difference between the cooling 
time of electrons of energies of 72 and 71 . In terms of ui 
and V2, tlag is 
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This is also the time lag between the peaks (not the be- 
ginnings) of synchrotron flares at V2 and Ui, provided that 
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the light-crossing time is unimportant relative to the elec- 
tron injecting time, and that 7 ^ ^max (c-g-, Zhang et 
al. 2002; Chiappetti et al. 1999; Chiaberge & Ghisellini 
1999; Georganopoulos & Marscher 1998). If > 1/2, 
then tcooi{v2) > tcooMi), and tiag ~ tcooi{i^2), i.e., the 
time lag of a flare at low frequency to its corresponding 
synchrotron flare at high frequency is roughly the radia- 
tive cooling time of relativistic electrons at lower frequency 
(Urry et al. 1997, 1999). 

In the case that X-rays arc due to synchrotron emis- 
sion, synchrotron cooling is the dominant cooling process 
of electrons, i.e., 1 + £) ~ 1. Thus, in the jet comoving 
frame 

tlag « tcool{l^2) = 2 X 10^[(1 + z) / 5]-^ U^^^ S, (10) 

where B is in gauss, 1/15 = i/2/(10^^Hz) is in the observer's 

frame, and tiag is in units of second. The time lags of op- 
tical (V band, observer's frame) emission to synchrotron 
X-ray emission in the jet comoving frame are 

to/, « 1.477 X 10*[(1 + z)/5]-^B-i s, (11) 

and the time lags of radio (1 GHz, observer's frame) emis- 
sion to X-ray emission in the jet comoving frame are 

tr/x » tr/o « 2 X 10^[(1 + z)/6r^B-i s. (12) 

As the emitting plasma propagates downstream along the 
jet, to/x and t^/x result in offsets between the centroids 
of optical and X-ray knots, and between the centroids of 
radio and X-ray knots, respectively, with the X-ray knot 
being earlier and closer to the core than radio and optical 
knots, and optical knot than radio knot. The radio/X- 
ray or optical/X-ray knot pairs observed at the same time 
are thus actually produced by two different populations of 
electrons, as pointed out by Siemiginowska et al. (2002). 
However, bright knots on large scales are sites continu- 
ously generating shocks and re-accelerating electrons, as 
indicated by proper motion at knots of M87 jet (Biretta 
et al. 1995, 1999). The magnetic field strength in bright 
knots and the jet speed Vj are roughly constant (on time 
scale of years). Offsets produced by a series of populations 
of electrons at a bright knot are approximately the same. 
That is to say, the observed radio/X-ray and optical/X-ray 
offsets at a bright knot still reflect the synchrotron time 
lags, as if they were produced by a single population of 
electrons at the same time. 

Assuming Vj = 0.42c {T = 1.1, Celotti et al. 2001) on 
large scales, the observed offset between optical (V band) 
and X-ray knots caused by to/x simply is 

£>o/^ « 59.77Sl|r[(l -t- z)/5]-^ smO pc, (13) 

where i?_4 = i?/(10~'*gauss). Similarly, the observed off- 
sets between radio (1 GHz) and X-ray knots caused by 

ir/x IS 

Dr/x « Dr/o « 80.95BZ|r[(l + z)/5]'^ sin 6* kpc. (14) 

The typical magnetic strength in large scale jets is 
B 10"'' gauss (Harris & Karwczynski 2002). According 



to equations (13) and (14), the de-projected optical/X- 
ray and radio/X-ray offsets of large scale jets are ~ G5.7 
pc and ~ 89kpc, respectively. However, jet expansion on 
large scales may shorten the synchrotron time lags and 
hence the offsets, especially radio/optical offsets. Lower 
energy electrons cool slower, hence at lower frequencies, 
jets have longer time to expand sideways and thus are 
wider. Multiband imaging of jets in Pictor A (Wilson et 
al. 2001), Cen A (Kraft et al. 2002), M87 (Marshall et 
al. 2002; Sparks et al. 1996), and 3C 273 (Thomson et 
al. 1993) shows that radio jets are much wider, indicat- 
ing that jet expansion on large scales is significant. It is 
reasonable that the magnetic field farther away from the 
jet axis is weaker. When the jet expands, some electrons 
move sideways to region with weaker magnetic field, emit- 
ting at lower frequencies earlier than they should. In other 
words, jet expansion reduces the time lags for these elec- 
trons, as well as the jet emission at some frequencies. On 
large scales, the magnetic field is very weak, and only at 
frequencies close to Vmax, is the jet expansion negligible. 
At low frequencies (in some cases may be as high as op- 
tical), the jet may expand so greatly that the emission of 
the jet is mainly contributed by electrons in the expanded 
region of the jet, and consequently the centroids of emis- 
sion at these frequencies shift upstream, i.e., the offsets to 
high frequency knots are shortened. 

In equation (9), it can be seen that at a given frequency, 
synchrotron time lags and thus offsets between two emis- 
sion frequencies are inversely proportional to the magnetic 
field strength B. Because B decreases along the jet, off- 
sets due to synchrotron time lags should increase along the 
jet provided that jet expansion is unimportant. In M87, 
Cen A, 3C 273 and PKS 1127 - 145 more than two knots 
have been detected. The offsets in M87, Cen A and 3C 
273 indeed get larger along the jet, suggesting that these 
offsets are due to synchrotron time lags. In M87, from 
knot A to Knot B, the optical/X-ray offsets increase from 
0.09 ± 0.02" to 0.29 ± 0.06", and from the core to knot 
A, the optical/X-ray offsets are too small to be measured 
at current accuracy of 0.03" (Marshall et al. 2002). The 
radio/optical offsets in M87 also get larger along the jet, 
from - 0.24±0.01" at knot HST-1 to ~ 0.3±0.01" at knot 
D. In Cen A, the radio/X-ray offsets increase from < 0.5" 
at Al/AXl knots and ~ 2.5" at A2/AX2 knots to ~ 5" at 
knot B (Kraft et al. 2002). In 3C 273, the optical/X-ray 
offsets increase from ^ 0.22" at knot A to ^ 0.5" at knot 
B (see Fig. 3 in Marshall et al. 2001). The radio/X-ray 
offsets in PKS 1127 — 145 and the radio/optical offsets be- 
yond knot D in M87 decrease along the jet, but this may 
be due to strong expansion of the jet. 

In fact, from pc and subpc scales to large scales, offsets 
also increase along the jet. The typical time lag of opti- 
cal flares to X-rays flares is of day scale, such as in PKS 
2155 - 304 (Urry et al. 1997) and Mrk 421 (Buckley et 
al. 1996). The corresponding optical/X-ray offsets on pc 
and subpc scales are of the order of lightday, i.e. thou- 
sandths of pc. On large scales, the observed optical/X-ray 
offsets in large scale jets are of the order of tens (M87, 
assuming 6 - 30°) to hundreds (3C 273 and 3C 66B) of 
pc. The typical time lag of radio flares to optical flares is 
of the scale of months (e.g., Tornikoski et al. 1994), cor- 
responding to radio/optical and radio/X-ray offsets of the 
order of 0.1 pc on pc and subpc scales, while the observed 
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radio/X-ray offsets on large scales are of the order of tens 
and hundreds of pc (Cen A, M87 and 3C 3f) to tens of kpc 
(PKS 1127- 145). These also suggest that the observed 
radio/X-ray and optical/X-ray offsets in the six large scale 
jets are due to synchrotron time lags. 

According to equations (13) and (14), the optical/X-ray 
offset at a knot should be ~ 10~^ times smaller than the 
radio/optical offset at the same knot. In M87, though 
shortened due to jet expansion, the radio/optical offsets 
of - 0.24 ± 0.01" at knot HST-1 and - 0.3 ± 0.01" at 
knot D are larger than the corresponding optical/X-ray 
offsets which are too small to be measured at current ac- 
curacy of 0.03" (Marshall et al. 2002). This confirms that 
offsets in M87 are due to synchrotron time lags. Among 
the six sources, M87 is the only one that has data for 
both optical/X-ray and radio/optical offsets. Probably, 
the optical/X-ray offsets in the rest five sources were also 
smaller than the corresponding radio/optical offsets, if 
they could be measured. 

4. DISCUSSION AND CONCLUSIONS 

It should be pointed out that, unlike bright knots, a 

weak knot may be caused by a single shock. Weak X- 
ray knots thus may not have corresponding optical or ra- 
dio knots before disappearing. The faint knots, A4/AX4, 
A5/AX5 and A6/AX6 in Cen A, and Dx and F in M87 



are probably a single shock wave, and the offsets at these 
knots may not be caused by synchrotron time lags. 

In some sources, the large scale X-ray jets may be dom- 
inated by inverse-Compton scattering of radio-emitting 
or even lower energy electrons (Schwartz et al. 2000, 
Schwartz 2002; Tavecchio et al. 2000; Celotti et al. 2001). 
In these sources, X-ray knots cannot be closer to the core 
than the corresponding radio knots, as indicated by multi- 
band monitoring of flares in PKS 1510— 10 in which X-rays 
arc due to inverse-Compton scattering and the X-ray flare 
in 1997 lagged behind the radio flare ~ 16 days (Marscher 
2000). In the six sources, because the bright X-ray knots 
precede their radio (and optical) counterparts, the X-ray 
jets cannot be due to inverse-Compton emission. 

In conclusion, shocks in most large scale jets can re- 
accelerate electrons to energies high enough to emit syn- 
chrotron X-rays; The observed radio/X-ray and optical/X- 
ray offsets at bright knots in M87, Cen A, 3C 66B, 3C 31, 
3C 273, and PKS 1127- 145 are probably caused by syn- 
chrotron time lags, suggesting that the large scale X-ray 
and optical jets in these sources are dominated by syn- 
chrotron emission. 
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